The series [(CO) 5 W=C(XR)Fc], 1 ( X R = O E t ) a n d 3 ( X R = N H B u ) a s w e l l a s 
Introduction
Based on its reversible electrochemical signature, ferrocene derivatives are researched as molecular sensors, 1 in energy transfer processes, 2 as catalysts 3 and even in anticancer research. 4 Fischer carbene complexes are versatile organometallics with valuable applications in organic and organometallic synthesis as well as in the fields of bioorganometallics and materials chemistry. 5 Recently, computational studies especially enhanced the understanding of this group of organometallic compounds substantially. 6 The first examples of ferrocenyl carbene complexes of the group 6 transition metals, [(CO) 5 Cr=C(OR)Fc] (R = Me, Et), were synthesized to study the electronic effects of the ferrocenyl substituent on the carbene ligand as part of an investigation into the electron withdrawing nature of metal carbonyl carbene groups. 7 Early hints of the increased stability and chemodirecting steric effect of ferrocenyl carbene complexes were reported by Dötz et al. 8 Reaction of these ferrocenyl carbene complexes with tolane gave unexpected furanoid products over the customary Dötz benzannulation that yields chromium-coordinated hydroquinones. (Fc' = ferrocen-1,1'-diyl), two resolved Cr 0/I couples were observed. It was observed that intramolecular electronic interactions between the two Cr(0) centers is much more effective in biscarbene complexes linked together by a ferrocen-1,1¢-diyl functionality, 12 since the biscarbene complexes with 2,5-thiendiyl or 2,5-furadiyl spacers did not display the split of the Cr 0/I couple into two components. Rather, the redox processes in these heteroaryl biscarbene complexes are two-electron transfer processes that comprise two simultaneously occurring but independent one-electron transfer steps, one for each Cr(0) center.
In contrast to our findings that the Cr I/0 and Cr II/I redox couples in Fischer carbene complexes are at potentials that may differ as much as 0.75 V, 10, 11 tungsten(0) carbene complexes were reported to be oxidized to tungsten(II) carbene complexes either by a single two-electron transfer process Scheme 1. Synthesis of ferrocenyl mono-and biscarbene tungsten complexes; Reagents and conditions: (a) 
Results and Discussion
Synthesis and spectroscopic characterization of complexes 1 -4. 19 This is due to the contribution of imine formation to the C carbene -N bond (Figure 1 ), which results in the formation of both syn-and anti-configurational isomers around the abovementioned C carbene -N bond. 10, 11 However, as for the Cr-derivatives, the steric bulk of the ferrocenyl carbene substituent precludes the formation of both isomers, and only the syn-isomer can be observed by NMR. During the electrochemical investigation, we observed more positive oxidation potentials for the tungsten carbene complexes compared to the chromium analogues, in accordance with the higher hyperpolarizability of the tungsten complexes. 13 For our bimetallic complexes, however, this meant that in contrast to the chromium ferrocenyl complexes, 10 the first oxidation process corresponds to the Fe II/III couple and not to the tungsten carbonyl moiety (see Electrochemistry Section). This encouraged us to perform the chemical oxidation of 1 with AgPF 6 (see Scheme 1) to gain insight into the properties of the ferrocenium cation 1 + . For the Cr-analogues, although this first Cr 0/I oxidation proved reversible, the formed chromium +1 cation could not be isolated.
After Thus, with the removal of an electron from this atomic orbital, the donation is lowered, reducing the electron density of the W=C bond. Consequently, the π-backdonation to the π* orbital of the CO is also reduced with resulting higher C=O bond strength and higher CO stretching Figure 4 ). Electrochemical and chemical reversibility is theoretically characterized by peak potential differences of ΔE = E pa -E pc = 59 mV and current ratios i pa /i pc approaching unity. 25 As is usual for Fischer carbene complexes, 6 the LUMO of complex 1 is mainly located at the p z atomic orbital of the carbene carbon atom (Figure 3 ). Therefore, it should be expected that the one-electron reduction process should lead to the radical anion 1· -whose unpaired electron remains mainly located on that carbon atom. Indeed, the computed spin density on 1· -indicates a value of 0.57 e on the carbene carbon atom thus suggesting a -W-C· species as reduction product. The remaining electron density is mainly localized at the iron center (0.27e) which further confirms the orbital interaction between the ferrocenyl group and the carbene carbon atom. 22 Similar electron density was computed for the analogous (CO) 5 Cr=C(OEt)Fc carbene complex at the same level of theory (0.57e at the carbene carbon atom), thus indicating that the one-electron reduction process is similar in both types of complexes.
Electrochemistry and computational analyses
HOMO ( (Figure 4 and Table 1 ).
The radical anion notation in equation 1 is explained by noting that 2
. Different reduction potentials for symmetrical complexes in which mixed-valent intermediates are generated (for 2, this refers to 2 · -) are well known in systems that allow some form of electronic interaction between the redox centers; these may include electrostatic or through-bond conjugated paths. respectively) which suggests that the less negative energy of the LUMO of 3 is translated into a more negative reduction potential. The biscarbene-NHPr derivative 4, showed a single carbene reduction at -2.293 V in the CV at wave I (Figure 4 ), but the current was more than four times (3.71/0.90) larger than that expected for a one-electron transfer processes. A one-electron transfer process in this system requires ½[i(wave Fc+1a)/4+i(wave 1b)/3] = 0.90 mA. The large observed current (3.71 mA) is thought to be due to significant amounts of substrate being deposited on the surface of the electrode during reduction but because this wave is close to the potential at which cathodic discharge caused by solvent reduction takes place, the large increase in current may also originate from an E r C cat process by which 4 catalyses the reduction of CH 2 Cl 2 . A repeat experiment utilizing 4 a s a n a l y t e i n C H 3 CN as solvent ( Figure S3 , Supplementary Material, Table 1 ) confirmed the second carbene moiety is reduced at a potential ca. 0.27 V lower than the first. This observation also suggests some form of electronic interaction between two carbene moieties observed for 2 but completely contrasts the observations described for the chromium complex [(CO) 5 Cr=C(OEt)-Fc¢-(OEt)C=Cr(CO) 5 ]. 10, 11 For this analogous Cr carbene complex, under the same experimental conditions, no splitting of Cr=C carbene reduction into two components "a" and "b" could be detected. Very few studies describe the electrochemical reduction of the W=C double bond, 14 although the in situ generation of the radical anion by chemical single electron transfer agents have been reported. 27 Consistent with NHR (R = Bu, Pr) being a more powerful electron-donating group than OEt, the NHPr group shifted the wave I a peak cathodic potential, E pc , of the bis W=C species 4 compared to 2 with ΔE pc = E pc, OEt, 2 -E pc, NHBu, 4 = -1.773 -(-2.293) = 0.520 to more negative potentials. The next redox process observed for 1 -4 is the chemically and electrochemically one-electron reversible oxidation of ferrocene which is associated with wave Fc in Figure' s 4, 5 and 6, and 5 ] where the ferrocenyl group was oxidized after oxidation of the Cr(0) center to Cr(I). 10, 11 The second oxidation of Cr(I) to Cr(II) follows after the ferrocenyl oxidation, and also contrasts with the three-electron closely-overlapping W oxidation under the same experimental conditions. The resolution between Fc and tungsten (wave 1) oxidation processes, expressed as ΔE pa = E pa, W -E pa, Fc , is better in mono-than in biscarbene tungsten complexes, and also in OEt than in NHR complexes. For 4, the Fc wave was superimposed onto a W-oxidation wave (Figure 4 ).
An important consequence of the ferrocenyl moiety being oxidized before the W center is that when the W center is oxidized, it is under the influence of the ferrocenium species, Fc + , which is almost as electron-withdrawing as a CF 3 group (c Fc = 2.82; c CF3 = 3.01). 21 This shifts the W redox process to more positive potentials than would be expected for other compounds where the linking group is not so strongly electron-withdrawing, e.g. for -CH 2 -. The one-electron ferrocenyl oxidation process was useful to identify the number of electrons that is transferred during tungsten oxidation. Figure 5 highlights the CV's of 1 at different scan rates, and more importantly, the LSV at 1mV•s -1 . The LSV was mutually consistent with CV i pa current ratios between wave Fc and wave 1 at scan rates of 100, 200, 300, 400 and 500 mV•s -1 in indicating that the total W oxidation involves the flow of three electrons. With our observation of a three-electron transfer W oxidation, it follows that in the biscarbene 2, possessing two tungsten centers, a total of six electrons being transferred during tungsten oxidation should be observed. This was confirmed by the measured i pa values (Figure 4 , i pa,wave 1 /i pa,wave Fc = 9.56/1.62 = 5.90 » 6, Table 1 ). Although the CV of 2 showed electronic interactions between the two carbene double bond centers by means of the splitting of wave I into two components "a" and "b", no resolution between the irreversible oxidations of the two W centers of 2 could be detected (Figure 4 ). However, a very weak reduction of oxidized W was detected at wave 1 r during the cathodic sweep, Figure 4 , Table 1 . The current was, however, small with i pc /i pa = 0.15; ΔE = 143 mV.
An LSV of 2 (Supplementary Information, Figure S1 ) showed that the oxidation of the second tungsten center results in a species that is unstable on LSV time scale. Only the first 3-electron oxidation could be detected before compound decomposition took place. The peak anodic current of wave 1 in the CV of the mono NHBu tungsten carbene 3 also estimates a three electron transfer step during W oxidations but the LSV shown in Figure 4 highlights new information. On LSV timescale, the first two electrons during W oxidation are transferred fast in two unresolved one-electron redox processes, but the different slope observed for the third electron that was transferred shows this redox step to be slower than the first two electron transfer steps. The LSV splitting of wave 1 (W-oxidation) into two components "a" ( with XR = OEt , NHBu or NHPr and Ar or Ar' = thienyl, furyl or ferrocenyl. 10, 11 In these Cr carbene derivatives, Cr(0) is oxidized in two separate one-electron transfer steps and exhibits DE pa = E pa,Cr(I/II) -E pa,Cr(0/I) peak potential separations larger than 0.5 V. 10, 11 For the present Wseries, indications are that W(0) is first oxidized in a two electron step followed by a second oneelectron oxidation. In all compounds studied, these steps overlap on CV timescale, but on LSV timescale, for 3, A small cathodic peak associated with wave 1 was also observed for 3 at wave 1 r but again irreversible W oxidation was implied by virtue of i pc /i pa = 0.11 and ΔE = 293 mV. The CV's of the NHBu biscarbene 4 showed oxidation of the ferrocenyl group and one of the two W centers occurred simultaneously. For 4, the oxidation of the second W center was resolved from the first by ca. ΔE pa = E pa, wave (1b+Fc) -E pa, wave 1a = 51 mV. The ratio i pa, wave (1b+Fc) : i pa, wave 1a in the CV as well as the LSV (Figure 4 ) was found to be 4:3 which again showed W oxidation involves three electrons. To understand why our results indicating an irreversible three-electron W(0) oxidation differed The above described redox processes were finally addressed by means of a computational-DFT study. As shown in Figure 7 , complex 1 is electrochemically oxidized to radical cation 1· + . The computed spin density of this species indicates that the unpaired electron is located at the iron atom (1.26e), thus confirming that the first one-electron oxidation does not involve the tungsten center but the Fe(II) to Fe(III) reaction. Subsequent 2-electron oxidation leads to the trication 1· +3 whose unpaired electron remains at the iron atom (computed electron density on Fe of 1.35e). This indicates that the oxidation process involves the W(0) to W(II) reaction. As described above, the total three-electron tungsten oxidation process ends up with the third and final one-electron oxidation at the tungsten center (W(II) to W(III)) to form the corresponding tetracation 1 +4 . Unfortunately, the structure of this open-shell singlet species (whose unpaired electrons are located at the iron and tungsten centers) could not be located on the potential energy surface (even using different functionals)
due to convergence problems.
The structure of the trication 1· +3 deserves further analysis. As shown in Figure 7 path running between the corresponding two atoms. This proves the existence of a direct interaction between both atoms. Moreover, the computed value of 0.045 e•Å -3 for the electron density at the bond critical point, is in the range expected for CH agostic interactions. 36 The structure of this species resembles that found for oxidised products of related chromium (0) carbene complexes upon 2-electron oxidation of the transition metal. 11 This peculiar bonding situation seems to be general for oxidized products of Fischer carbene complexes regardless of the transition metal involved and it implies the normal carbene structure is not retained after oxidation. 
Conclusion
Mono-and bis-ethoxycarbene and -butyl(or propyl)aminocarbene tungsten (0) All redox assignments were mutually consistent with the computational data obtained at the DFT level, which suggest a peculiar bonding situation (i.e. stabilized by C−H···W agostic interaction) in the tricationic species formed upon the oxidation process which involves the W(0) to W(II) reaction.
Experimental Section
General Procedures.
All manipulations involving organometallic compounds made use of standard Schlenk techniques under inert atmosphere. Solvents were dried over sodium metal (hexane, thf and diethylether) and phosphorouspentoxide (CH 2 Cl 2 ); and distilled under nitrogen gas prior to use.
All chemicals were used as purchased without further purification unless stated otherwise.
Triethyloxoniumtetrafluoroborate was prepared according to literature procedures. 
[(CO) 5 W=C(NHBu)Fc] (3)
A diethylether solution of 1 (2 mmol, 1.13 g) was stirred at room temperature (rt) and nbutylamine (2 mmol, 0.20 mL) was added. The color changed rapidly from dark red to deep yellow. Purification was performed using column chromatography and 
Computational details
Geometry optimizations without symmetry constraints were carried out using the Gaussian09 suite of programs 39 at the B3LYP (uB3LYP for open-shell species) 40 using the double-ζ plus polarization def2-SVP 41 basis set for all atoms. This protocol is denoted B3LYP/def2-SVP. All species were characterized by frequency calculations, and have a positive defined Hessian matrix indicating that they are minima on the potential energy surface.
All Atoms in Molecules (AIM) 42 results described in this work correspond to calculations performed at the B3LYP/6-31G(d)&WTBS level on the optimized geometries obtained at the B3LYP/def2-SVP level. The WTBS (well-tempered basis sets) 43 , used herein to describe Fe and W, have been recommended for AIM calculations involving transition metals. 44 The topology of the ED was conducted using the AIMAll program package.
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The manuscript was written through contributions of all authors. All authors have given approval to the final version of the manuscript. 6 ], W is oxidized in a 3-electron process. Fc* = decamethylferrocene, SW' and SW'' is the first and second derivative of the SW curve, differentiated over 4 mV intervals; currents were scaled to allow easy observation of peaks. Figure S3 : Assignment of a 2-electron or 3-electron process for W oxidation in the case of 4 was difficult due to the closeness of the peaks labeled (Fc+1 a ) and 1 b . A two-electron assignment fitted CV peak currents and LSV traces marginally better than a three-electron assignment but was by no means beyond all reasonable doubt. However, in analogy to 1, 2, and 3, we also assign a two-electron process to W(0) oxidation for 4. In an attempt to see if it is not possible to separate electron transfer events more we also collected SW data for 4 because it is known that SW can sometimes separate closely-overlapping peaks, especially for reversible processes, better. We also obtained the first and second derivative of the SW curve to see if that would not allow better peak separation. It did not. Figure 3S shows CV's of 4 overlaid under the following conditions: (a) are considered accurate and real (not an artifact) thus indicating two consecutive one-electron transfer processes. The first derivative of the SW, the curve labeled as SW' in Figure 4S , only highlighted wave 1 b2 and one of the peaks in wave "Fc+1 a1-2 " where it crossed the X-axis, but the second derivative curve labeled as SW'' also showed waves 1 b1 and 1 b2 at the extremities of the negative peak. For the wave labeled as wave "Fc+1 a1-2 ", following the dotted lines in Figure 4S , all three components of this redox process may have been identified in curve SW'', but the shoulders associated with the first and last peak is so insignificant that it disallows conclusions with any degree of certainty. We conclude that even the use of the 1 st and 2 nd derivative does not really help to resolve closely overlapping peaks. This conclusion is consistent with those of Taube whom described much earlier the problems associated with resolving closely overlapping redox events (D.E. Richardson, H. Taube, Inorg. Chem. 1981 , 20, 1278 -1285 .
Discussion on
Lastly, from the red LSV in Figure 4S , acetonitrile also leads to a three-electron W 0/III couple. ' ' 
